A horizontal azimuth pattern-reconfigurable antenna with configurable parasitic element arrays for WLAN applications is proposed in this paper. It consists of a control board, a central series-fed omnidirectional microstrip array, four configurable parasitic elements, a bottom conducting plate, and a top supporting plate. The omnidirectional microstrip array is adopted as an exciter, around which the four same parasitic element arrays are arranged at four corners. The p-i-n diodes as switches are placed between the parasitic element arrays and the conducting plate to control the fifteen radiation patterns of the proposed antenna. The parasitic element arrays are configured as reflectors or directors by switching the p-i-n diodes on or off. The bandwidth achieved ranges from 5.00 GHz to 5.27 GHz. A gain of 8.52 dBi is obtained when the antenna reaches the maximum gain in the H-plane at 5.2 GHz. Good agreements between the simulated and measured results were observed. The proposed parasitic structure which has the same structure with the driven element can enhance the horizontal azimuth gain of the antenna. Only 4 p-i-n diodes are used to produce up to 15 useful beam configurations with a gain range of 4.56-8.52 dBi at the horizontal azimuth.
Introduction
With the development of the wireless communication, multifunctional and reconfigurable antennas are widely used [1] [2] [3] and become more desired. The pattern reconfiguration of the antennas is of significance in the telecommunication. Thus, smart pattern-reconfigurable antennas are expected strongly [4] [5] [6] [7] [8] .
Antennas used in the wireless communication usually have omnidirectional radiation patterns, so as to cover all horizontal azimuth. Consequently, the horizontal azimuth patterns in WLAN and wireless communication applications have attracted more attention. However, customers are not uniformly distributed, and the numbers of terminals always change in different directions at the antenna horizontal azimuth. The constant omnidirectional pattern at all working time leads to a waste of radiation power. Many reconfigurable antenna solutions have been studied [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Literature [9] proposed the H-shaped resonator structure controlled by the p-i-n diodes to reconfigure the pattern of the driven element. It is able to switch between the broadside pattern and the end-fire pattern. Nevertheless, the limited three states and unstable feed board connected with the antenna board constrict its application. In [10] , a circle planar reconfigurable antenna with various patterns is developed, achieving two operating frequencies and 6 beam directions, totally 12 operating modes is ready. Literature [11] puts forward a reconfigurable antenna array for some handheld terminals and MIMO applications, achieving a high gain. The antenna design in [12] [13] [14] [15] has the horizontal azimuth-pattern-reconfigurable ability but limited states for the complex applications. Literature [16] [17] [18] [19] develop a planar structure antenna with 9 states, not strictly in a horizontal azimuth pattern reconfigurable mode. Most of the beams steer in the vertical direction of the antenna plane. In [20] , the antenna with a planar structure has eight stable beams covering all the directions at an azimuth plane of θ = 36°. These antennas are more suitable for top ceiling antenna applications. This paper presents a horizontal azimuth patternreconfigurable omnidirectional microstrip array antenna with parasitic element arrays. An omnidirectional microstrip array antenna [21, 22] is adopted as an exciter, around which the four uniform parasitic element arrays are arranged at four corners. The same structure of the parasitic element arrays and the driver antenna keeps the maximum gain at the horizontal azimuth. The p-i-n diodes as switches are placed between parasitic element and conducting plate to control the fifteen radiation patterns. The parasitic element arrays can be configured as reflectors or directors through switching of the p-i-n diodes. The proposed reconfigurable antenna with diverse patterns is able to satisfy different WLAN applications. The following sections will present a prototype antenna fabricated, and the description of measured results and all of the pattern states will be given.
Antenna Structure and Design
An antenna that truly enables horizontal azimuth pattern reconfiguration is committed to be provided. The antenna is designed 4 reconfigurable parasitic elements and a driven element. The reconfigurable parasitic elements, which can be configured as directors and reflectors, are controlled by the p-i-n switches. The proposed antenna, shown in Figure 1 (a), consists of a control board, series-fed omnidirectional microstrip array antenna at the center of the proposed antenna, four configurable parasitic element arrays, a bottom conducting plate, and a supporting top plate.
2.1. The Driven Antenna Design. The series-fed omnidirectional microstrip array antenna acts as an exciter [22] , with detailed dimension shown in Figure 1 (c), (d), and (e). The microstrip antenna array has six radiation elements in series, among which are on one face of the substrate connected to the inner conductor of feeding SMA connector; the rest are on the other face of the substrate connected to the exterior conductor of the feeding SMA connector. The lengths of each microstrip-fed line and the radiation element are, respectively, approximately a half wavelength at the central operating frequency. This keeps the current on each wide radiation elements almost in phase, thereby combining in the horizontal azimuth direction and producing an omnidirectional pattern [22] 2 International Journal of Antennas and Propagation same structure and dimensions as the exciter. The inside faces of the parasitic arrays are towards the exciter, and the outside faces are backwards the exciter. Three radiation elements are on the inside face, among which the one close to the conducting plate is connected to the conducting plate. The rest radiation elements are on the outside face, among which the element close to the conducting plate is connected to the anode of a p-i-n diode. In this way, the cathode of the p-i-n diode is connected to the radiation element on inside face and then to the conducting plate. The square conducting plate and top supporting plate of the antenna are fabricated with RO4003C substrate. Both the plates have slots to hold and fix the exciter and the parasitic element arrays on them, as shown in Figure 1 (g). The Infineon p-i-n diode of BAR50-02V is embedded in the proposed antenna. An SC-79-2 package of the p-i-n diode is selected to fit the gap between two conductors at the bias circuit of the parasitic element arrays. In practice, the driven current is set at 100 mA, so that the p-i-n diode achieves the minimum insertion loss. In addition, Murata inductors of LQG15HN2N7C02D (2.7 nH) are mounted at the bias circuit in the path of the p-i-n diodes as RF chokes. The isolation of the p-i-n diode is 12.5 dB, and the insertion loss is 0.17 dB at 5 GHz. To achieve a good isolation, two p-i-n diodes are mounted in parallel at the gap between the two conductors. The partial view of parasitic element arrays bias circuit is presented in Figure 3 . This step helps to investigate the effect of the distance D1 between parasitic element arrays at the corner and the exciter. The rise of D1 leads to an increase in the gain but decrease in the HPBW. For a higher gain, the distance D1 is optimized to 20 mm, which is 0.35 λ 0 wavelength. It is wider than the size of Yagi antenna's parasitic elements with driven element.
The States of p-i-n Diodes
Configurations. The states of p-i-n diodes determine the property of the parasitic element arrays. The p-i-n diodes are turned on when their DC bias on a parasitic element array are high. In this case, the parasitic element arrays act as reflectors, and the main beam of the proposed antenna is switched to the direction from the parasitic element array to the exciter on a horizontal plane. When the p-i-n diodes on a parasitic element array are turned off, the radiation elements on the outside face are disconnected to the conducting plate. Then, the parasitic element arrays act as directors, and the main beam of the exciter is enhanced in the directions from the exciter to the parasitic element arrays. The proposed antenna includes four groups of p-i-n diodes in four corners, each of which has two states. Thus, the proposed total of 16 pattern configurations are obtained.
The 16 pattern configurations can be categorized into 6 states as follows. At state I and II, all of the p-i-n diodes are turned on and off, respectively. At state III, one group of the p-i-n diodes is turned on and the others are turned off, contrary to state IV. At state V, two groups of adjacent p-i-n diodes are turned on. At state VI, two groups of p-i-n diodes at opposite position are turned on. There are four radiation patterns, respectively, from state III to state V, but 2 patterns at state VI. The 16 pattern configurations with the 04 states of the p-i-n diodes are listed in Table 1 . The state * OA is the single driven element without parasitic elements. 
Simulation and Measurement Results
A prototype of the proposed antenna is fabricated and assembled, as shown in Figure 4 . The exciter and the parasitic element arrays are fabricated by two-layer PCBs using a substrate of Rogers RO4003C with 3.55 of dielectric constant, 0.0027 of loss tangential, and 0.508 mm of thickness. The top supporting plate is also fabricated by the Rogers RO4003C substrate with the same thickness but nonmetalized for reducing the impact on the antenna array. The bottom conducting plate and the control plate are fabricated by thick FR4 substrates with thickness of 1 mm to obtain mechanical stability. The distance between the two plates is 20 mm. The bottom FR4 conducting substrate is metalized to eliminate impacts of noise and radiation on power supply and control circuits. The reflection coefficients of the proposed antenna with different states and the original antenna are measured by the vector network analyzer Keysight E5071C, with results shown in Figure 5 . It can be seen from the comparison that the reflection coefficients with and without the parasitic elements are significantly different due to the strong mutual coupling between the driven antenna and the parasitic elements. Due to the mutual coupling effect, the operating frequency is reduced from 5.3 GHz to 5.1 GHz, which is also our target operating frequency band. Except for state I and II, the central operating frequency band of the proposed antenna is 4.94 GHz-5.27 GHz, with a 6.46% bandwidth under -10 dB of the reflection coefficient. The p-i-n diodes of the state I and II are all on or all off. The two states are special omnidirectional patterns, having different radiation resistor for the driven element. All the reflection coefficients of directional patterns for the proposed antenna with parasitic element arrays of 4 p-i-n diode states are compared. It is demonstrated that the parasitic element arrays loading the four states of p-i-n diodes have negligible impacts on reflection coefficients, which is important for a practical reconfigurable antenna array. On the other hand, these arrays impose a negligible effect on the input port of the proposed antenna, which is a key factor to develop this type of reconfigurable antenna.
The 16 far-field radiation patterns, as well as the radiation pattern of the original omnidirectional microstrip array antenna without parasitic element arrays, are measured. The H-plane radiation patterns of the proposed antenna at states I and II, as well as the original antenna without parasitic element arrays, are shown in Figure 6 . The measured results indicate that directors enhance the gain in the direction from the exciter to directors. In state II, because all of the four parasitic element arrays worked as directors, 4 main lobes with directions towards the diagonal gaps of adjacent parasitic element arrays are obtained. When the proposed antenna works at state I, International Journal of Antennas and Propagation the parasitic element arrays act as reflectors, then the radiation of the exciter gets rejected in four corner directions. Thus, state I can be regarded as an illegal state of the proposed antenna on the horizontal plane. The normalized radiation pattern of other directional pattern states in simulation and measurement is shown in Figure 7 . Each pattern of the directional states with four beams is illustrated in Figure 8 , respectively. The proposed antenna at state III has a gain of 5.99 dBi and a wide HPBW, as shown in Figure 8(a) . The radiation pattern at state III is applicable to the situations where the signal at a certain direction of the radiation pattern needs to be canceled. As shown in Figure 8(b) , the proposed antenna at state IV has a gain of 5.94 dBi lower than that at state III but also a narrower HPBW and a higher quality pattern. The radiation pattern at state V, as shown in Figure 8 (c), covers a wide horizontal azimuth angle but not omnidirectional and has a high directional gain of 8.52 dBi. This pattern is suitable for the situations where users of Wi-Fi are in a crowded area at a very narrow horizontal azimuth angel. This is because improving the gain of the antenna in the certain direction contributes to a higher communication quality. The radiation pattern of state VI is specifical, as shown in Figure 8 (d). It is applicable when the customers are at the two sides opposite of the antenna. At last, the 15 useful beams have obtained with 5 p-i-n configurable state. The detailed measurement gains and HPBW of each beams are listed in Table 1 . The simulated radiation efficiency of the proposed antenna is over 78%. 
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Compared with the reference paper, shown in Table 2 , the proposed antenna has both a large structure and diversified patterns in horizontal azimuth direction at the single operating band. It can be embedded into the home media center of the proposed antenna, thereby adapting the customer's distribution to more complex applications.
Conclusion
This paper proposes a horizontal azimuth patternreconfigurable antenna using omnidirectional microstrip array loaded with configurable parasitic elements. Driven by four p-i-n diodes, the proposed antenna can produce 15 radiation patterns, thus satisfying diverse requirements of WLAN application. The measured results of the prototype are well in line with the simulated ones. The simple structure facilitates its implementation in certain low-cost devices not only WLAN but also many other wireless communications.
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